We calculate the ratio R of same sign (SS) to opposite sign (OS) dileptons in type I and generalized inverse seesaw models and show that it can be anywhere between 0 and 1 depending on the detailed texture of the right-handed neutrino mass matrix. Measurement of R in hadron colliders can therefore provide a way to probe the nature of seesaw mechanism and also to distinguish between the two types of seesaw mechanisms. We work within the framework of left-right symmetric model as an example. We emphasize that coherence of the final states in the W R decay is crucial for this discussion and it requires the right-handed neutrinos to be highly degenerate.
I. INTRODUCTION
Different kinds of seesaw mechanism have been proposed as ultraviolet (UV)-complete theories that lead to the dimension-5 Weinberg operator [1] for understanding small neutrino masses. Two of them are the so called type-I [2] [3] [4] [5] [6] and inverse seesaw [7, 8] , which have been widely discussed in the literature. The type-I seesaw involves adding SM-singlet heavy fermions N with Majorana masses that violate lepton number maximally, whereas in the inverse seesaw, one adds two SM-singlet heavy neutrinos N and S and a small L-violating mass for one set of the new singlet fermions. A simple UV-complete extension of the Standard Model (SM) that incorporates all the key ingredients of both type I seesaw and inverse seesaw and leads to them naturally is the left-right symmetric model [9] [10] [11] . No extra symmetries need to be added to generate the right texture for getting tiny neutrino masses. The right-handed neutrino (RHN), predicted by anomaly considerations in this theory, couples to the right-handed (RH) gauge boson W R and is the source of the lepton number violating (LNV) signal [12] we will discuss. In this paper we will work within the framework of the minimal left-right model and assume that W R is kinematically accessible to the colliders. In other words, for √ s = 14 TeV LHC, we assume the mass of the W R boson to be less than 5
TeV or so [13, 14] .
A key predictions for the TeV-scale left-right type-I seesaw model is that it leads to a spectacular LNV signal in hadron colliders in the form of two same-sign leptons and two jets with no missing energy [12] . This arises from the production and decay of heavy RHNs, both mediated by the W R gauge boson in the s-channel. The Majorana nature of the RHN dictates that the final states with same-sign (SS) dileptons ( ± ± ) appear in equal number with opposite-sign (OS) dilepton states ( ± ∓ ). In other words, the minimal leftright type-I seesaw prediction is that the ratio of the number of events in the two final states, R ≡ N SS /N OS = 1. This in fact is considered a 'smoking gun' signal for TeV-scale type-I seesaw in general 1 and, more specifically, for the left-right seesaw model and has been extensively studied in the literature, both for the LHC [12] [13] [14] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , as well as other future colliders [31] [32] [33] [34] .
On the other hand, in the inverse seesaw mechanism, lepton number breaking is very small, because the heavy singlet neutrino (N ) is paired with another singlet fermion (S) to form a pseudo-Dirac pair and the Majorana nature of the neutrino emerges from a keV-scale [38] [39] [40] . In the minimal version, the leading order prediction for collider signal is that final states will approximately conserve lepton number, implying that R 0 [37] . In the more general inverse seesaw, which can also arise from left-right seesaw models [40] , the neutrino mass formula remains unaffected at the tree-level, although there is an unavoidable one-loop contribution from electroweak radiative corrections [38] ; however the N fermion has a potentially large Majorana mass that breaks lepton number by two units. The question remains as to how do the dilepton final states look like in this general case i.e. is R = 1 or different? This question has been recently studied in some special cases [40] [41] [42] and was shown that due to interference between two heavy Majorana neutrino mass eigenstates, one could in principle realize a scenario with R anywhere between 0 and 1. The goal of this study is to do a more general analysis and discuss whether analyzing dilepton states in a hadron collider via production of a W R boson, one can probe the details of the RHN mass matrix and distinguish between the type-I and general inverse seesaw mechanisms.
The rest of the paper is organized as follows. In Section II we discuss the coherence condition for interference between two heavy Majorana neutrino mass eigenstates, which plays a crucial role in our discussion. In Section III, we apply the coherence conditions to discuss the nature of dilepton final states in type-I seesaw. In Section IV we explain the general inverse seesaw model. In Section V we apply the coherence conditions for the inverse seesaw case to get the R as a function of parameters of inverse seesaw model. We give our conclusions in Section VI. Some useful three-body decay widths for the RHN are listed in Appendix A.
II. COHERENCE CONDITIONS FOR INTERFERENCE
When a W R gauge boson is produced in proton-proton collisions, it decays into flavor eigenstates of the RHNs N along with the corresponding charged lepton R (where = e, µ, τ 
For TeV-scale W R and RHNs, this is satisfied when the mass difference between the states is less than few hundred GeV, where we have estimated
Turning to the second condition, we take the decay length L as L = 1/Γ N and using the results of Ref. [44] , require that L ≤ σ x /δv g , where σ x is the size of the RHN wave packets and δv g is the difference between the group velocities of the individual RHNs. We have
. Putting theses together, we get
This implies a stringent condition on the mass difference between the two interfering RHNs. From this discussion, we conclude that if interference effect is observed, it will imply constraints on the mass matrix of both the type I and inverse seesaw, helping to further elucidate the nature of the seesaw. It will for example imply that there are at least two nearly degenerate RHN states, consistent with the general expectation from many TeV-scale seesaw models [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] , which require the quasi-degeneracy to satisfy the neutrino oscillation data. This is also the requirement for successful resonant leptogenesis via the out-of-equilibrium decay of TeV scale RHNs [55, 56] .
III. SAME SIGN VS OPPOSITE SIGN DILEPTON EVENTS IN TYPE-I SEESAW
Let us first briefly recapitulate the well known field theoretic argument of why for Majorana RHNs the final states in its decay have equal number of both sign leptons. For concreteness, we illustrate this in the context of left-right model but the argument is general. In the left-right model, the decay of N can be assumed to occur via the emission of a virtual W R boson and it comes from the RH gauge interaction
The second term in the above equation is nothing but the hermitian conjugate of the first one after we use the Majorana condition for N i.e. N = CN T (where C is the charge conjugation operator). Now note that in both terms the N field is annihilated but the final state from the first term is an − whereas that from the second term is an + , while both the amplitudes are the same i.e. g/ √ 2. This is the basic reason for equal number of SS and OS dileptons in the final states which for a pp collision leads to their ratio R = 1.
To see how interference between two RHN states affects the ratio R , let us consider the simple case of type-I seesaw with only two heavy neutrino flavors (N e , N µ ). This case has been discussed in some details in Refs. [27, [57] [58] [59] . Here we emphasize the importance of the coherence condition and present new analytic results on the effect on different flavor combinations of the final states. One can easily generalize this to more flavors, but the main conclusion of this section remains unchanged.
Including the effect of CP violation, we can write the flavor eigenstates as the following combinations of the mass eigenstates:
where δ is the CP phase in the RHN mixing, θ is the mixing angle in this sector, and c θ ≡ cos θ, s θ ≡ sin θ. For the general 2 × 2 RHN mass matrix
the mixing angle is given by
Substituting Eqs. (4) in the interaction Lagrangian for RHNs in Eq. (3), we get
where we have assumed that RH charged leptons are the mass eigenstate.
Using the coherence conditions, we can write the time evolution of the amplitudes for SS and OS final states as follows:
A OS,µµ (t) = s
A SS,µµ (t) = s
where Γ 1,2 are the total decay widths of the two mass eigenstates N 1,2 .
We adopt the following procedure to get the ratio of SS and OS final states [41] :
In order to illustrate the effect of the interference between the two states, we make the simplifying assumption that the two RHNs are non-relativistic (which is a good approximation when the W R mass is slightly larger than two times the RHN mass) and approximate (8) and (9), the number of SS and OS dielectron events are respectively given by
Expanding these equations out, we find that if there is no CP phase i.e. δ = 0, we get
as expected for purely Majorana RHNs. However, in the presence of a non-zero CP phase, we find
as illustrated in Figure 1 . We emphasize again that these arguments are true only if the two RHN states satisfy the coherence conditions (1) and (2).
Let us apply our findings to the special case where the RHN mass matrix is of the form In Figure 1 , we show the variation of R (for = ee, µµ) as a function of the CP phase δ for different values of ∆M/Γ avg . As for the RHN decay widths, we have used the three-body decay widths of N → W * R →(see Appendix A). For numerical purposes, we have chosen a fixed value of M W R = 5 TeV and M N 1 = 500 GeV, but our main results are independent of the choice of the exact mass values, as long as M N 1,2 < M W R , which is anyway required from vacuum stability arguments [60, 61] .
We find that for δ = 0 and π (i.e. no CP violation), R = 1, as discussed above. But for δ = π/2 and ∆M = 0, R = 0, i.e. there is a completely destructive interference between the two RHN mass eigenstates in the SS channel. The degree of interference decreases rapidly as we increase ∆M and as ∆M becomes much larger than Γ avg , there is virtually no interference, leading to the limit R → 1, as expected for purely Majorana RHNs. In the intermediate range of ∆M/Γ avg , we have R > 1, i.e. enhanced SS signal even compared to the purely Majorana case, for certain choices of the CP phase δ, when the constructive interference is maximum in Eqs. (9) and (11) . Note here that both ee and µµ channels lead to almost identical predictions for the ratio R because for ∆M M in Eq. (6), θ ≈ π/4, so c θ s θ 1/ √ 2.
IV. GENERAL INVERSE SEESAW CASE
We start this section by briefly reviewing the inverse seesaw extension of the leftright symmetric model. The model is based on the gauge group ), L(1, 2, 1, −1) and R(1, 1, 2, −1), but also additional SU (2) singlets S a (with a = 1, 2, 3). Note that we are working with a model where parity symmetry breaking scale M P and the SU (2) R symmetry breaking scale v R are different with
To discuss the inverse seesaw in this model, we need the leptonic Yukawa couplings: 
where
3 It leads to the formula for light neutrino mass matrix at tree-level:
This is the inverse seesaw mechanism at work for the most general case where each entry in Eq. (25) is a 3 × 3 matrix corresponding to three flavors. For simplicity below we consider a single family version of this matrix to illustrate our discussion of SS and OS dilepton plus two jets in pp collision. We note that this analysis can be applicable to realistic situation with flavor in the following way: Consider the case when M D , M N , µ R are all diagonal 3 × 3 matrices and let all neutrino flavor mixings reside in the µ S matrix. This is the so-called 3 Note that the left-right symmetry does not allow a (1,3) entry in Eq. (24), which would otherwise lead to the linear seesaw [63, 64] . 4 The µ R term leads to unavoidable one-loop corrections to the light neutrino mass matrix, but for a given µ R , we can carefully choose µ S so that the light neutrino oscillation data is always satisfied [38] .
flavor-diagonal scenario. Proper choice of the µ S matrix can explain the observed neutrino oscillation results but since each element of the µ S matrix is very small compared to other matrices in the problem i.e. µ R , M N , they will not affect our conclusions about the ratio R for each flavor. Of course one could also consider flavor structures in µ R and/or M N . The analysis is then more complicated and we do not consider it here.
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V. R IN THE INVERSE SEESAW CASE
In order to study the final states with SS or OS dileptons, we consider a simplified yet realistic case where µ R and M N are 2 × 2 diagonal matrices so that all neutrino mixings arise from the matrix µ S , which does not have any effect on R . We consider the eigenstates of the mass matrix (24) . We do this in stages and for the parameter domain where M N µ R M D µ S , we can first diagonalize the lower 2 × 2 matrix and get the following eigenstates with real eigenvalues
Using these we can rewrite the W R -induced charged-current interactions as
To calculate the OS and SS event numbers, we need to discuss whether there is coherence between the decays of N 1,2 when produced in W R decay as well as the requirement for maintaining coherence over the decay length of the RHNs.
For the inverse seesaw case, the discussions in Ref. [44] lead us to the same coherence condition in the emission as stated in Sec. II except in this case, ∆M denotes the mass difference between the N and S fermions. The condition on parameters from coherence length considerations are different here since the Dirac Yukawa couplings which dominate the decay of N, S states are expected to be much larger for inverse seesaw than the type I case. The decay length in this case is therefore much shorter than the type I case i.e.
Choosing h ∼ 0.1 and M N ∼ TeV, we get for ∆M ∼ 100 GeV, as compared to 1 GeV or so in the type I case. When the coherence condition is satisfied, recalling that the first term in the Lagrangian (28) is responsible for the production of OS events and second one for SS events, we can write the amplitudes for OS and SS events as follows:
We approximate E 1,2 M 1,2 ± ∆M/2 as before and use the expression in Eq. (14) to obtain for the OS and SS events respectively
Using the RHN decay widths given in Appendix A, we have plotted in Fig. 2 Now we can look at three special cases:
Case (i): µ R = 0: This is the case which has been considered in Refs. [41, 42] . In this case for a TeV M N , fitting neutrino mass scale requires that µ S ≤ keV. This means that
. Using the fact that we have also Γ 1 = Γ 2 , we get from Eqs. (30) and (31) , that
in agreement with the result in Ref. [41] . Note that for TeV-scale M N , typically Γ ∼ 10−100 keV and ∆M ∼ 1 keV, leading to R 1%. Thus to get large R in inverse seesaw models, one must include the effect of µ R .
In this case, in general α is different from π/4 and we do not expect 
For the case when
1, it reduces to the formula in Ref. [25] . In this case, R can be significant; see Figure 2 . 
VI. CONCLUSION
We show that in generic TeV scale W R models for type I and general inverse seesaw models, the ratio R , of the number of same sign (N SS ) and opposite sign (N OS ) dilepton states need not be the same when summed over different flavors, contrary to general expectations. This can happen when there is a high degree of degeneracy between the RHNs produced in W R decay. The degree of degeneracy depends on whether it is type I or inverse seesaw case, and is determined by the coherence condition which in turn depends on the magnitude of the Dirac Yukawa couplings in the theory. For generic choice of parameters, in the first case, the degeneracy has to be at the level of one part in a thousand for TeV scale RHNs whereas in the case of inverse seesaw, it can be a factor of ten or less. Thus observation of the ratio R can in principle, allow us to probe the deeper structure of the RHN mass matrix in the type I seesaw case and the (N, S) sector mass matrix in the inverse seesaw case. We find that in the case of type I seesaw, one needs CP violation to get R different from one, whereas for the inverse seesaw, it is the parameter µ R which governs R . We believe that the connection between R = 1 and near degeneracy of RHN states is already an important conclusion, since it is known that low scale leptogenesis in TeV scale seesaw models already requires near degeneracy of RHN states.
Our main goal in this work was to derive the analytic results for R in the singlet seesaw scenario, and to show as a proof of principle that it can be different from 1 in the parameter space relevant for the LHC. This result is valid irrespective of the details of the collider simulation of the OS and SS events, with their respective signal and background efficiencies, which can be done in a straightforward manner for any given benchmark point following the existing experimental analyses; see e.g. Ref. [17] . Also in the case of inverse seesaw, we have ignored detailed flavor effects, since our goal has been merely to illustrate an interesting phenomenon involving lepton number violation. A detailed collider analysis (including flavor effects) is a bit premature at this stage and might be more appropriate in scrutinizing the different seesaw models, only if there is a statistically significant observation of dilepton plus two jet signal (either SS or OS) in the future. In the left-right model, the RHN has three-body decays through an off-shell W R (for M N < M W R ): N → W * R →. This is in addition to the usual two-body decay modes of the RHN: N → W , Zν, hν, induced by its mixing with the light neutrinos. In this 6 It might be noted here that CMS had reported a local 2.8 σ eejj excess, mostly in the OS dilepton events, in the √ s = 8 TeV LHC data [17] , which led to a flurry of theoretical interpretations, but this was not confirmed in the √ s = 13 TeV data [65, 66] .
analysis, we choose the region of parameter space where the light-heavy neutrino mixing is small enough to ensure that the three-body decay is dominant over the two-body one [23] .
For light-quark final states, the corresponding three-body decay width is given by [58, 68] Γ(N →) = g
. Here we neglect the SM quark and lepton masses. For the N → tb decay channel, we have [67, 68] Γ(N → bt ) = g
where 
